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This study addresses the structure and the bonding in the family of tetrahedral 
boranes. The specific molecules studied are the series B4X4 (X = H, F, Br, Cl, I), the series  
B4BrCl3, B4Br2Cl2, and B4Br3Cl and tetra-tert-butyl-tetraborane, t-Bu4B4.
12  The research 
presented herein employs the Hartree-Fock Self Consistent Field (HFSCF), the Moller-
Plesset second order perturbation theory (MP2), and the Density Function Theory (DFT). 
A variety of basis sets was employed. Our calculations are the first theoretical studies of 
B4Br4 , B4I4 B4BrCl3, B4Br2Cl2, and B4Br3Cl,  and are also the first calculations for the 
D4h structures of any of these molecules, except for B4H4. These results were compared 
with experimental results, where such comparisons can be made. The most energetically 
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 The purpose of this study was to gain insight into the bonding in the family of 
highly symmetrical tetrahedral borane compounds. This family of compounds presented a 
unique opportunity to gain a deeper understanding of chemical bonding in all molecules. 
Atoms, such as boron, where there are more valence orbitals than valence electrons are 
electron deficient.  Electron deficient atoms typically form three-center bonds, as well as 
single bonds with other atoms or atom groups, resulting in highly symmetrical 
tetrahedral, icosahedral, and dodecahedral geometries. Back bonding from the hydrogen 
to the boron cage was originally used to explain the stability of this family of molecules. 
However, the synthesis of tetra-tert-butyl-tetraborane, t-Bu4B4
1 showed that extensive 
back-bonding is not required for stability in the B4X4 molecules. The molecules 
B4Br2Cl2, B4Br3Cl, B4Br4, B4Cl4, and B4Br4 are stable and have been chemically 
characterized.2  
 There have been several theoretical studies of B4Cl4. The first was by Hall and 
Lipscomb.3 The species B4F4 and B4H4 are have not been experimentally observed.  
While B4Br4, was synthesized by Ahmed and Morrison in 1992
2 and has been the subject 
of several theoretical studies, little experimental characterization has been 





characterized by NMR spectroscopy. Our theoretical studies are the first for these 
systems. 
 
1.1  The B4H4 Molecule and its Halogen Derivatives 
 1.1.1  B4H4 
The initial ab initio Hartree-Fock Self-Consistent-Field study of 
hypothetical B4H4, by Epstein and Lipscomb, employed a tetrahedral geometry, as in 
B4Cl4.
5,6 Many studies of B4H4 were subsequently performed in an effort to resolve 
questions around its geometry.4,7 Perhaps the most comprehensive and accurate treatment 
was by McKee and Lipscomb.1 These authors performed extensive potential energy 
surface calculations and concluded that the most stable structure for B4H4 is tetrahedral, 
although D2h structure was proposed as an intermediate structure between the Td and the 
higher energy D4h structures. Several recent studies suggest that a Cs structure were more 
stable than a tetrahedral structure.8,9  
 
1.1.2  B4F4 
Kleier et al. studied the degenerate rearrangement of tetrahedral B4H4 and B4F4 
through a planar D4h midpoint structure. The Td structure was energetically favoured in 
all calculations.10 
 
 1.1.3  B4Cl4 
 Tetraboron tetrachloride, B4Cl4, was first synthesized by glow discharge of BCl3 
using Hg electrodes and then later by the spontaneous decomposition of  
tetrachlordiborane B2Cl4.





125 °C.12 The structure of B4Cl4  was predicted to be Td with all boron atoms being 
equivalent, just from a simple stoichiometric calculations of  B4Cl4  reaction with 
methanol.14  The crystal structure of B4Cl4 was determined by Atoji and Lipscomb
6  to be 
tetrahedral. The measured B‒Cl bond length was 1.69 Å and the B‒B distance was 
approximately 1.7 Å. The IR spectrum was measured by Brown et al.13 and consisted of a 
single absorption at 968 cm−1. The Td structure of the B4Cl4 molecule was reconfirmed 
by He(I) photoelectron spectra,18 electron diffraction study,19 infrared spectra,20  and 
theoretical studies.1,3,14  
  
1.1.4  B4Br4 
Bromine (Br) substituted derivatives of B4H4 were synthesized and identified 
using 11B NMR by Morrison.2,12  The B4Br4 molecule, along with B4BrCl3, B4Br2Cl2, 
and B4Br3Cl, were produced from the reaction of B4Cl4 with BBr3 in the presence of 
AlBr3.
2  The authors also discovered that the reaction of B4Br4 with BCl3 is very efficient 
and regenerates B4Cl4. These compounds are identified using the chemical shifts from the 
11B NMR spectra, which show two resonances for the B4BrCl3, B4Br2Cl2, and B4Br3Cl 
compounds, indicating Td structure.
2  The small 11B ‒ 11B coupling constant of these 
compounds points to the existence of the B‒B‒B multicenter bonds. It was also 
postulated that B4F4 and B4I4 could also be synthesized using similar reaction pathways.
2  
Another area of theoretical studies is focused on the relative stabilities of the 
tetrahedral and planar isomers of B4H4, B4F4, and B4Cl4 .
1,4,12 In early studies, the Td 
structure of all these compounds was calculated to be more stable than the planar D4h 





due to orbital crossing.10  In the Td isomers of these compounds there are significantly 
large electron densities in the middle of the each face of tetrahedron, which is the result 
of the B‒B‒B three center one electron bond.3  These faces can act as a hydrogen bond 
donor to form complexes with acids like HCl.16   
Therefore, the study perform calculations on the B4H4 molecule, and on its 
halogen derivatives to compare energetic differences between tetrahedral (Td) and planar 
structures, employing three different methods (HF, MP2, and DFT) combined with a 
series of basis sets of increasing order. Our systematic study will give unambiguous 
ordering of isomer stability that is free from method or basis set bias. Besides that, our 
calculations represent the first density functional study of gas phase B4I4, B4Br4 














2.1. The Hartree Fock (HF) Method  
 
The Hartree-Fock (HF) method is the basic ab-initio model for quantum 
mechanical calculations for atoms and molecules. The HF theory is fundamental to the 
electronic structure theory because the equations are relatively simple, yet capable of 
describing profound chemical structures. In the HF theory, the Hamiltonian consists of 
electron kinetic energy, electrostatic potential energy of electrons and nucleus, and the 
exchange energy that results from the Pauli exclusion principle. The Hamiltonian in HF 
theory ignores one term of correlation energy.17,18  The method used in the current 
research is based on quantitative theory principles and has been developed and improved 
by many scientists and researchers. In 1928, the English scientist, Glass Hartree, was able 
to develop the first quantitative model for multi-electron atoms. In 1930, Vladimir Fock 
made a breakthrough and updated Hartree’s theory to include electron rotations. The self-
consistent field method is used to find the approximate wave functions as well as the 
energy levels in the atoms of several electrons. Considering the principle of Pauli 
exclusion, the primary wave functions can be considered as hydrogen atoms, and 





theory are valid enough to show that the electron density is in envelops around the atoms 
and can be used quantitatively to show the chemical cycle. 19 
 The HF theory is fundamental to the electronic structure theory because the 
equations are relatively simple, yet capable of describing profound chemical structures. 
In the HF theory, the Hamiltonian consists of electron kinetic energy, electrostatic 
potential energy of electrons and nucleus, and the exchange energy that results from the 
Pauli Exclusion Principle. In addition, the HF theory Hamiltonian ignores one term in 
the, the correlation energy.   
  
2.2. The Møller-Plesset Perturbation Theory 
The HF theory assumes a single Slater determinant wavefunction appropriate for 
non-interacting particles, resulting in an averaged, effective single-particle treatment 
neglecting electron correlation. One way to account for electron correlation is to correct 
the HF results posteriori, treating electron correlation as a perturbation. Perturbation 
theory 20
 
is based upon dividing the Hamiltonian into two parts, a reference Ĥ0, and a 
perturbation Ĥ′ 
    Ĥ = Ĥ0 + λ Ĥ′ 
where Ĥ0 is an exactly solvable Hamiltonian, λ is a parameter formally controlling the 
size of the perturbation, and the Ĥ′ term is the perturbation. 
The question, however, comes in the cases where the Hamiltonian cannot be 
divided to a reference Ĥ0 and a perturbation Ĥ′. In this case, one of the two methods is 
usually used: The variation method is particularly useful in estimating the energy values 





wavefunctions. The other method, the Wentzel, Kramers, and Brillouin (WKB) method, 
is useful in finding the characteristics of the energy and the wavefunctions of the systems 
where classical boundaries are applied.21    
Furthermore, the method of perturbation, the variation and WKB methods do not 
require the presence of a precisely identifiable Hamiltonian. The application of the 
approximation methods in the study of stable states consists of finding the characteristic 
values of the energy and wave functions that are non-time-dependent Hamiltonian, as 
they have no exact solutions.   
 
2.3. The Density Functional Theory 
 2.3.1 The Theory 
Density Functional Theory is a quantum mechanical (QM) method that can be 
employed in diverse research fields including physics, chemistry and materials science. 
Density Functional Theory methods are often used to study the ground state electronic 
structure of multi-particle systems like atoms and molecules, among others.22  DFT has 
been established as a valuable research tool because it can serve either to validate the 
conclusions that have been reached from the analysis of the experiments or to distinguish 
between those possibilities that were left open. The calculation of a wide range of 
molecular properties with DFT allows a close connection between theory and experiment 
and often leads to important clues about the geometric, electronic, and spectroscopic 
properties of the systems being studied. 
Density Functional Theory attempts to address both the inaccuracy of HF and the 





wavefunction with the electronic density as the basic quantity, whereas the wavefunction 
of an N electron system is dependent on 3N variables (three spatial variables for each of 
the N electrons), the density is a function of only three variables and is a simpler quantity 
to deal with both conceptually and practically, while electron correlation is included in an 
indirect way from the outset. Walter Kohn and Pierre Hohenberg laid strong theoretical 
foundation for DFT in the framework of the two Hohenberg-Kohn (H-K) theorems.23 The 
first H-K theorem demonstrates that “the ground state properties of a many-electron 
system are uniquely determined by an electron density that depends on only 3 spatial 
coordinates.” The second theorem defines energy functional for the system and proves 
that the correct ground state electron density minimizes this energy functional. Thus, the 
problem of solving the many-body Schrödinger equation is bypassed, and now the 
objective becomes to minimize a density functional. Note, however, that although the H-
K theorems ensure that the density functional is a universal quantity they do not specify 
its form. 
Three different types of approximations involved in DFT are: Local functionals 
(e.g., LDA - Local Density Approximation); Semi-local or Gradient-dependent 
functionals (e.g., GGA - Generalized Gradient Approximation); and Orbital functionals 
and other nonlocal approximations (e.g., hybrids and Meta-GGA).22  LDA methods are 
based on the theory that the surface of the molecule possesses equal density throughout. 
It is known that the LDA approximates the energy of the true density by the energy of a 
local constant density. LDA fails when the density undergoes rapid changes such as in 





some of the features from ab initio methods, like HF method, and a few of the other more 
refined features of DFT mathematics are used by hybrid methods. One of the most 
popular examples of hybrid methods is B3LYP.24  In the past decade, several DFT 
functionals have been developed and some of them become very popular in a short period 
of time (e.g., M06 functionals, ωB97XD and B3PLYP). Certain DFT methods are also 
created keeping in mind a definite purpose. For example, the MPW1K hybrid method 
was created for calculations involving kinetic studies. Because it is reliable and 
computationally inexpensiveness, DFT has been regarded as potentially the most 
successful and followed approaches with regards to quantum mechanics.25,26 
Density Function Theory calculations can be employed to understand the 
structures, electronic and vibrational properties of molecules. They are often used to find 
the binding energy of molecules involved in non-bonding interactions and the band 
structure of solids. However, there is a growing interest to apply quantum chemical 
calculations, in particular, DFT calculations in the fields of biology and mineralogy that 
are not closely associated with quantum mechanics. Computations employing DFT 
methods are helpful to assist experimental investigations in characterizing the 
compounds, validating the reaction mechanisms.22,26  
One of the benefits of DFT methods is the enhancement in computational 
accuracy without the overhead of increasing the computing time. However, DFT methods 
also have a few drawbacks. For instance, they can pose difficulties in describing 
intermolecular interactions like van der Waals forces, charge transfer excitations, and 





 2.3.2 The B3LYP Functional 
Becke three parameter exchange and Lee-Yang-Parr correlation functional 
(B3LYP) has been considered as the most popular hybrid functional until last decade for 
a variety of reasons.24,27  It exhibited a remarkable improvement over HF method in terms 
of computation times. It has also been regarded as relatively robust as compared to other 
models. Computation of the exchange part of the XC energy (exchange-correlation 
energy, which is the difference between the exact total energy of a system and the 
classical Hartree energy) is carried out from the electronic wave functions. This is 
subsequently mixed into LDA or GGA energy. However, the precise ratio used in this 
mixture has not been determined.   
The new parameterization of the B3LYP functional came into being after it was 
found that one of the factors that splitting of energy relies on is the exact exchange 
admixture parameter. Development of B3LYP functional persuaded computational 
chemists to use DFT in predicting physicochemical properties of molecules and reaction 
barriers.22,25  The significance of B3LYP functional can be reflected by the fact that it 
was used as the basis for designing other hybrid exchange correlation functionals. Many 
scientists and researchers have used B3LYP as their default functional because it has 
stood as a benchmark for numerous systems. This is supplemented by the fact that 
B3LYP’s performance is far superior as compared to some of the other density 
functionals. Some of the errors in non-empirical functionals are seen having a systematic 
pattern. For example, the PBE functional which belongs to the generalized gradient 





distances and, on the contrary, underestimates vibrational frequencies. Estimating the 
target property, as a result, becomes significantly easy. Furthermore, using these 
functionals can result in increased accuracy in relative quantities like, but not limited to, 
energy differences, frequency shifts and changes in bond length. Such properties can also 
be noted in functionals like B3LYP, which is principally due to significant error 
cancellation. Nevertheless, B3LYP also presents a drawback with regards to attaining 
lesser accuracy for larger molecules.   
 
2.4. Calculation 
Our focus on this study is the total energy of B4X4 molecules for planar and 
tetrahedral geometries, where the X = H, Cl, F, Br, I. The goal is to compare the 
stabilities of planar and tetrahedral geometry of the same compound, and also want to 
discern trend within the B4X4 molecular family. In order to avoid disadvantages of 
certain methods, HF, MP2, and DFT methods were employed to calculate various 
properties of the above-mentioned molecules using basis sets of increasing complexity.  
The basis sets that were employed are all Gaussian type, and they are 6-31G*, 6-311G*, 
6-311+G** for the HF method.  The basis sets used for the MP2, and DFT methods are 








RESULTS AND DISCUSSION 
 
 
3.1 The Stability of the 𝐃𝟒𝐡 and 𝐓𝐝 Isomers 
 
Calculations were performed on the D4hand Td structures of the B4X4 (where X = 
H, F, Cl, Br, I) molecular series employing HF, MP2, and B3LYP/DFT theory using 
Gaussian type basis sets of increasing basis functions. First, the results of all calculations 
are presented in tables.     
 It is clear from Table 1, Table 2, and Figure 1 that the tetrahedral Td isomer is 
more stable than the planar D4h isomer for all molecules at all levels, when the 6-31G* 
basis set is used. The Td isomers of the molecules B4X4 (X=H, F, Cl, Br) are much more 
stable at the HF level than at the MP2 and DFT level, and the stability of the Td isomer at 
the latter two levels are comparable.   
 
Table 1. Calculated Energies (Hartree) of the D4h and  Td Geometry, for the B4X4 (X=H, 




B4H4 B4F4 B4Cl4 B4Br4 
HF E(D4h) -100.72920 -496.49490 -1936.60910 -10387.05420 
E(Td) -100.92570 -496.61770 -1936.74600 -10387.16860 
MP2 E(D4h) -101.10550 -497.55310 -1937.52450 -10387.92170 
E(Td) -101.27140 -497.64460 -1937.62240 -10387.98640 
DFT 
E(D4h) -101.57220 -498.84090 -1940.22720 -10394.92050 





Table 2. The Energy Differences ∆E (kcal/mol) between D4h and Td Geometries 
Methods Energetics 
Molecules 



























Figure 1. The energy differences ∆E (kcal/mol) between the 𝐃𝟒𝐡 and 𝐓𝐝 geometries of 
the various molecules, calculated at the HF, MP2, and B3LYP/DFT level with 6-31G* 
basis sets.  


























 The comparison of the stability of the Td isomer at different level of theory is 
shown in Table 3. Previous studies4,10 on the B4F4 and B4Cl4 molecules calculated smaller 
stability of the Td isomer compared to the planar D4h isomer, ~25 kcal/mol or smaller 
whereas our calculations shows much larger stabilization of ~80 kcal/mol. The reason of 
differences can be explained as a result of the smaller basis sets used in earlier studies 
and the results of these studies can be interpreted only qualitatively.   
 
Table 3. The Stability Order of the 𝐓𝐝 Isomers Calculated Using the 6-31G* Basis Set 
and at Different Levels of Theories 
 
  Molecules Stability order of the 𝐓𝐝  isomer 
𝐁𝟒𝐇𝟒 HF>MP2> DFT 
𝐁𝟒𝐅𝟒 HF>DFT>MP2 
𝐁𝟒𝐂𝐥𝟒 HF>MP2> DFT 
𝐁𝟒𝐁𝐫𝟒 HF>DFT>MP2 
 
Shown in Tables 4 and 5 are the energies of the D4h and Td isomers and their 
differences calculated using the 6-311G* basis set at various levels of theory. At all 
levels and for all the molecules considered here, the Td isomer is more stable than the D4h 
isomer (see Figure 2), which is consistent with results of the findings obtained when the 









Table 4.  Calculated Energies (Hartree) of  the D4hand Td Geometries, for the B4X4 





B4H4 B4F4 B4Cl4 B4Br4 B4I4 
HF 
E(D4h) -100.745282 -496.623476 -1936.72691 -10388.12650 -27765.88350 
E(Td) -100.940931 -496.746787 -1936.86298 -10388.24120 -27766.03930 
MP2 
E(D4h) -101.139197 -497.83635 -1937.69557 -10389.05080 -27766.74090 
E(Td) -101.300814 -497.92518 -1937.78873 -10389.11050 -27766.84150 
DFT 
E(D4h) -101.58931 -498.99222 -1940.34632 -10395.98720 -27777.48570 
E(Td) -101.728033 -499.08252 -1940.44463 -10396.05530 -27777.58060 
 
 
Table 5. The Energy Differences ∆E (kcal/mol) between D4h and Td Geometries 
Methods Energetics 
Molecules 































Figure 2. The energy differences ∆E (kcal/mol) between the 𝐃𝟒𝐡 and 𝐓𝐝 isomers of the 
various molecules, calculated at the HF, MP2, and B3LYP/DFT level with 6-311G* basis 
set.   
 
The tetrahedral isomers Td are more stable at the HF level than at the MP2 and 
B3LYP/DFT levels, at least by 20 kcal/mol.  The stability of the Td  isomers compared to 
the D4h isomers of each molecule at the MP2 and B3LYP/DFT levels are similar (see 
Table 6).   
 
Table 6. The Stability Order of the 𝐓𝐝 Isomers Calculated Using 6-311G* Basis Set and 
at Different Levels of Theories   
 
Molecules Stability order of the 𝐓𝐝 isomer 
𝐁𝟒𝐇𝟒 HF>MP2> DFT 
𝐁𝟒𝐅𝟒 HF>DFT>MP2 
𝐁𝟒𝐂𝐥𝟒 HF > DFT>MP2 
𝐁𝟒𝐁𝐫𝟒 HF>DFT>MP2 
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 The largest basis set that were used is 6-311+G** which includes diffusion type 
sp functions and polarization functions on all atoms.  The results of the energy 
calculations at various levels using the 6-311+G** basis set is listed in Table 7.  Again, 
consistent with the results obtained using the smaller basis sets 6-31G* and 6-311G*, the 
tetrahedral Td isomers of all molecules are more stable than the planar D4h isomers, at all 
three levels of theory employed here.   
 
Table 7.  Calculated Energies (Hartree) of the D4hand Td Geometries, for the B4X4 (X=H, 




B4H4 B4F4 B4Cl4 B4Br4 B4I4 
HF 
E(D4h) -100.75183 -496.63416 -1936.82560 -10388.12780 -27765.88470 
E(Td) -100.94813 -496.75651 -1936.87015 -10388.24300 -27766.04020 
MP2 
E(D4h) -101.17080 -497.85430 -1937.68300 -10389.06000 -27766.75000 
E(Td) -101.33100 -497.94140 -1937.79900 -10389.12000 -27766.85000 
DFT 
E(D4h) -101.59510 -499.00410 -1940.35200 -10395.99000 -27777.49000 
E(Td) -101.73470 -499.09360 -1940.4500 -10396.06000 -27777.58000 
 
  
 The Td isomer of the B4H4, B4F4, B4Br4, and B4I4 molecules at the HF level are 
more stable than at the MP2 and B3LYP/DFT levels, consistent with previous results.  
However, the Td isomer of the B4Cl4 molecule is more stable than the D4h isomer only by 
28 kcal/mol, which is far small than the results of 85 kcal/mol of the 6-311G* basis set, 
and smaller than the stability calculated at the MP2 and B3LYP/DFT levels (see Table 8, 
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MP2-E(KcaJ/mol) HF-E(KcaJ/mol) DFT-E(KcaJ/mol)
















  88 56 62 43 59 
 
 
Table 9.  The Stability Order of the 𝐓𝐝 Isomers Calculated Using 6-311+G* Basis Set 
and at Different Levels of Theories   
 
Molecules Stability Order of the 𝐓𝐝 Isomer 
𝐁𝟒𝐇𝟒 HF>MP2> DFT 
𝐁𝟒𝐅𝟒 HF>DFT>MP2 
𝐁𝟒𝐂𝐥𝟒 MP2> DFT>HF 
𝐁𝟒𝐁𝐫𝟒 HF>DFT>MP2 









Figure 3. The energy differences ∆E (kcal/mol) between 𝐃𝟒𝐡 and 𝐓𝐝 isomers of the 
various molecules, calculated at the HF, MP2, and B3LYP/DFT level with 6-311+G** 
















The decreased stability of the Td isomer at the HF level when the largest basis set 
6-311+G** used is surprising and anomalous to the trends observed when the basis sets 
are enlarged from 6-31G* to 6-311G*, and also an outlier when compared the trend in 
other molecules.  In order to find the reason of this anomaly, will plot the basis set 
dependence of B4Cl4 energy, as shown in Figure 4. It is clear from the Figure 4 that at the 
MP2 and B3LYP/DFT levels the energy does not change considerable when basis set is 
increased to 6-311+G** from 6-311G*, i.e. the basis set is converged. The same is true 
for the Tdisomer at the HF level. However, the planar D4h isomer energy is substantially 
decreased upon basis set increase, and show almost linear trend. Although the basis set is 












Figure 4.  Relative energies (Hartree) of the 𝐁𝟒𝐂𝐥𝟒 molecule at the 𝐃𝟒𝐡 and 𝐓𝐝 geometry, 
calculated at the HF, MP2, and B3LYP/DFT level with various basis sets, as indicated. 
(The relative energy is with respect to the lowest energy of the 𝐓𝐝 form at each level, 
calculated using the 6-311+G** basis set, which is -1936.87014 for HF, -1937.79905 for 


































In Table 10, the atomic total energy and eigenvalues were calculated for the Cl 
atom at HF level, resulting in the eigenvalue of Cl is 0.50288 at HF level which much 
close to NIST result by 5.73%. Therefore, there is no error in  B4Cl4  calculation at HF 
with 6-311+G** and the basis set is converged. 
 
Table 10. Atomic Total Energy and Eigenvalues for the Cl Atom 
 IP CL Etol Eigenvalues Exptl 
Calculation  11.27 -460.94233 0.50288 5.73% 
NIST  Calculation 12.93 -458.66400 0.47564  
 
3.2 Basis Set Dependence 
In the previous section, the results of all calculations on the D4h and Td structures 
of the B4X4  (where X = H, F, Cl, Br, I) molecular series were discussed. In this section, 
the discussion is about the effect of basis sets on the calculated energy, using B4H4 and 
B4Br4 as examples.  Then all results are tabulated and the findings are discussed.  
The basis sets that were used here are 6-31G*, 6-311G*, and 6-311+G**. All 
these basis sets are split valence type; the 6-31G* basis set represents inner shells by one 
contracted Gaussian, and valence shell by two contracted Gaussian, and the contracted 
Gaussians are obtained by linear combination of a number of primitive Gaussian 
functions, as indicated in each basis set.  The ‘*’ represents addition of polarization 
functions (d type) to all atoms except H atom, and ‘**’ denotes addition of polarization 
functions (p type) on H atom as well.29,30  The 6-311G* basis set is of triple zeta (TZ) 
quality, i.e. it represents the outer valence shells using 3 contracted Gaussian functions, 
















6 - 3 1 G * 6 - 3 1 1 G * 6 - 3 1 1 + G * *
HF MP2 DFT
better results when compared to the double zeta (DZ) quality basis sets, because in it the 
valence electrons are more flexible.31,32 The next level of basis set is 6-311+G** which 
includes diffuse functions{denoted by (+)}  and polarization functions on all atoms.32   
Figure 5 shows the energy difference (∆E) between the  Td and D4h  isomer of the 
B4H4 molecule calculated at the HF, MP2, and B3LYP/DFT level of theory employing 
various basis sets. At the HF and DFT level, the calculated ∆E are ~123 kcal/mol and ~88 
kcal/mol, respectively, and both do not show strong basis set dependence. At the MP2 
level, on the other hand, ∆E shows noticeable but small basis set dependence; ∆E 
calculated using the 6-31G* basis set is ~104 kcal/mol, and ∆E decreases as the basis set 








Figure 5. The energy differences ∆E (kcal/mol) between the  𝐃𝟒𝐡  and  𝐓𝐝  geometry of 
the B4H4 molecule, calculated at the HF, MP2, and B3LYP/DFT level with various basis 
















It also worth noting that the calculated ∆E is largest at the HF level, smallest at 
the B3LYP/DFT level, and the value is in between when MP2 level of theory are used.  
These ranking does not show dependence on the basis set. The ranking is also consistent 
with fact that in HF electron correlation was completely ignored, and MP2 takes electron 
correlation into account in some degree, and at the DFT level electron correlation is 
explicitly considered.33  The calculated energy difference using the 6-31G* basis set here 
is -123 kcal/mol at the HF level and -104 kcal/mol at the MP2 level. These values are 
larger than the results of previous studies1,4,10 of ~76 kcal/mol, presumably due to the 
small basis sets were employed in the early studies.  
Since the Br atom is larger than H atom and has more electrons, it is expected that 
the energy should show stronger basis set dependence in B4Br4 than in B4H4. When the 
basis set is increased from 6-31G* to 6-311G*, the energy decrease in the B4H4  
molecule is less than one tenth of Hartree; however in the B4Br4 molecule, the decrease is 
about one Hartree at all three levels of theory. When  comparing the absolute value of 
energy, the B3LYP/DFT energy is much smaller than MP2 energy, which is slightly 
smaller than the HF energy at all basis sets, irrespective of isomer D4h or  Td. It is clear 
from Figure 6 that increasing basis set from 6-311G* to 6-311+G* does not improve the 
results much. The energy difference ∆E between the D4h and  Td  isomers of the  B4Br4 
molecule is largest at the HF level, and at the DFT and MP2 level, it is comparable. The 
trend is slightly different when compared to the trend in the B4H4 molecule, where ∆E 

























Figure 6. The energy differences ∆E (kcal/mol) between the 𝐃𝟒𝐡 and  𝐓𝐝 geometry of the 
𝐁𝟒𝐁𝐫𝟒  molecule, calculated at the HF, MP2, and B3LYP/DFT level with various basis 
sets, as indicated.   
 
Both the molecule series B4BrnClm (n+m=4 and n≠0,m≠0) and calculated the 
energy differences between the tetrahedral isomers and the planar D4h isomers at the 
B3LYP/6-311+G** level were considered. Morrison et al.2,12 synthesized these 
compounds and experimentally characterized, so our motivation is to get some insight 
about the stabilities of these compounds by comparing the experimental and theoretical 
results.  the B3LYP/6-311+G** level is the chosen level to optimize the geometry, and 
calculate the energy and the harmonic vibrational spectra because the combination of the 
method with the basis set seems to give reasonably accurate results for the B4X4  (X=H, 
F, Cl, Br, I) series of compounds that presented earlier. The results are presented in Table 
11, and the energy differences between the  Td isomers and the D4h isomers are shown in 
















Table 11. Calculated Energies (Hartree) of the D4h and  Td Geometry, for the B4BrnClm 
(n+m=4 and n≠0,m≠0) Molecules at B3LYP/DFT Theory with Various Basis Sets  
   
Basis Set Energetics 
Molecules 
B4BrCl3 B4Br2Cl2 B4Br3Cl 
6-31G* 
 
E(D4h) -4053.90404 -6167.58578 -8281.26756 
E(Td) -4053.99561 -6167.67589 -8281.35614 
6-311G* 
E(D4h) -4054.26105 -6168.17570 -8282.09039 
E(Td) -4054.35862 -6168.27267 -8282.18668 
6-311+G** 
E(D4h) -4054.26542 -6168.17915 -8282.09292 
E(Td) -4054.36281 -6168.27592 -8282.18900 
 
 
Table 12. The Energy Differences ∆E (kcal/mol) between D4h and Td Geometry 
Basis set Energetics 
Molecules 















61 60 60 
 
The energies of all the molecules decrease to ~ one half of Hartree when the basis 
set increased from 6-31G* to 6-311G*, and decrease is smaller than one tenth of Hartree 
when basis set is further increased to 6-311+G**.  This is a clear indication of basis set 
convergence for these molecules. The energy differences between the Td isomers and the 




























Figure 7. The energy differences ∆E (kcal/mol) between the 𝐃𝟒𝐡 and 𝐓𝐝 isomers of the 
various B4BrnClm (n+m=4 and n≠0,m≠0) molecules, calculated at the B3LYP/DFT level 
with various basis sets, as indicated.   
 
It is reported by Papakondylis and Mavridis for the first time that the global 
minimum structure of B4H4 is planar with Cs symmetry (Cs (I) in Figure 8.7  Further high 



















 A recent theoretical study of the B4H4  molecule using  RCCSD(T) method with 
cc-pVTZ and cc-pVQZ basis sets confirmed that the structure Cs (I) is most stable, 
whereas the Td isomer is 6 kcal/mol above Cs (I) and another planar structure Cs (III) is 
about 13 kcal/mol above the Cs (I) isomer. Therefore, based on  our calculations using 
DFT/ B3LYP method with 6-311+G** basis set finding that, the  tetrahedral structure is 
the propriate isomer for  B4H4  molecule, and the  Td isomer is 55.5 kcal/mol above Cs (I) 
which mean that the tetrahedral is the most stable structure for the B4H4 as shown in 
Tables 13 and 14. Therefore, as seen in Table 15, based on our calculations using the 
DFT/ B3LYP method with the 6-311+G** basis set, the  tetrahedral structure is the 
propriate isomer for  B4H4  molecule, and the  Td isomer is 55.5 kcal/mol above Cs (I) 
which mean that the tetrahedral is the most stable structure for the B4H4 . 
 
Table 13. Calculated Energies (Hartree) of the (Cs)I , (Td)II and (Cs)III Geometry, 
for B4H4 the Molecules at B3LYP/DFT Theory with Various Basis Sets  
 
Basis Set 6-31G* 6-311G* 6-311+G** 
𝐁𝟒𝐇𝟒 
(Cs) I -101.61583 -101.63786 -101.64612 
(Td) II -101.71280 -101.72803 -101.73470 
(Cs) III -101.58698 -101.60755 -101.61637 
   
Table 14.  The Energy Differences ∆E (kcal/mol) between (Cs)I , (Td)II and (Cs)III 
Geometries 
 
Basis Set ∆𝐄 𝐁𝟒𝐇𝟒 
6-311+G* 
 















RCCSD(T)/cc-pVTZ(5) DFT /6-311+G** 
𝐁𝟒𝐇𝟒     
 (𝐶𝑠) I -101.45481 -101.55141 
 (𝑇𝑑) II -101.44675 -101.73470 




It is very clear from the Table 16 that the bond lengths of the same compound of 
the same isomers does not show any dependence on the chosen level of theory when the 
6-311+G** basis sets is used.  The B-B bond length of the Td isomers of all compounds 
are 1.686 Å at all three levels, which is comparable to the experimentally determined 
bond length of 1.70 Å in 𝐵4𝐶𝑙4
 6 and recent high level calculations of 1.685 Å.8   The B-B 
bond length of the planar 𝐷4ℎ  isomer is 1.726 Å or 1.727 Å, which is ~2 Å longer than 
the same bond of the Td  isomer.  The B-X bond length in the D4h isomers increase as the 
size of the X atom increase, i.e. the bond length is B-H< B-F< B-Cl< B-Br< B-I.  The 
bond length trend in the 𝑇𝑑  isomers is similar except the B-Br and B-I bond length is the 
same.  This is somewhat unexpected, since an early study calculated the B-I bond length 
in the 𝑇𝑑  isomer to be longer than the B-Br bond length
15 and that is what expected by 
intuition.  The calculated B-H bond length is 1.181 Å which is similar to 1.185 Å 
calculated at the CCSD(T)/cc-pVQZ level.8  Further discussions and the results on the 
B4Cl4 would be discussed in section 3.3, where our calculations to the experimental 





Table 16. Calculated Energies (Hartree) of the 𝐷4ℎ and 𝑇𝑑 Geometry, for 𝑡– 𝐵𝑢4𝐵4 the 
Molecules at B3LYP/DFT Theory with Various Basis Sets 
 
Basis Set 6-31G* 6-311G* 6-311+G** 
𝒕– 𝑩𝒖𝟒𝑩𝟒 (𝑫𝟒𝒉) -730.54797 -730.69499 -730.74735 
𝒕– 𝑩𝒖𝟒𝑩𝟒 ( 𝑻𝒅) -730.76872 -730.91288 -730.96251 
∆𝑬 138.52062 136.72597 135.01290 
 
The B-B and B-X (X=H, F, Cl, Br, I) bond lengths calculated using the largest 
basis set 6-311+G** at the HF, MP2, and B3LYP/DFT levels are listed in the Table 17.  
 
Table 17. Calculated B-B and B-X (X=H, F, Cl, Br, I) Bond Lengths Using the 6-
311+G** Basis Set at the HF, MP2, and B3LYP/DFT Levels 










Bond length (Å)   
HF level MP2 level DFT level 
𝐁𝟒𝐇𝟒 𝐷4ℎ B-B 1.726 1.726 1.726 
B-H 1.172 1.172 1.172 
𝑇𝑑 B-B 1.686 1.686 1.686 
B-H 1.181 1.181 1.181 
𝐁𝟒𝐅𝟒 𝐷4h B-B 1.726 1.726 1.726 
B-F 1.323 1.323 1.323 
Td B-B 1.686 1.686 1.686 
B-F 1.323 1.323 1.323 
𝐁𝟒𝐂𝐥𝟒 𝐷4h B-B 1.727 1.727 1.727 
B-CI 1.700 1.700 1.700 
Td B-B 1.686 1.686 1.686 
B-CI 1.742 1.742 1.742 
 















Bond length (Å)   
HF level MP2 level DFT level 
𝐁𝟒𝐁𝐫𝟒 𝐷4h B-B 1.726 1.727 1.726 
B-Br 1.769 1.769 1.769 
Td B-B 1.686 1.686 1.686 
B-Br 2.100 2.100 2.100 
𝐁𝟒𝐈𝟒 𝐷4h B-B 1.727 1.727 1.727 
B-I 2.018 2.018 2.018 
Td B-B 1.686 1.686 1.686 
B-I 2.100 2.100 2.100 
 
The harmonic vibrational spectra are shown in Tables 18 and 19 and Figures 9 
and 10.   
 
Table 18. Frequencies of Td Isomer of the B4X4 Molecules 
 Theory Experimental 
Molecule cm-1 cm-1 
B4H4 2695 - 
B4F4 1300 - 
B4Cl4 1000 1010 
B4Br4 800 - 
B4I4 939 - 
 
Table 19. Frequencies of Td Isomer of the B4BrnClm Molecules  
 Theory Experimental 
Molecule Cm-1 Cm-1 
B4Br3Cl 1001 - 
B4Br2Cl2 1000 - 











































In the previous sections, results of the calculated energy and vibrational infrared 
spectra of the B4X4  (X=H, F, Cl, Br, I) molecules and the stability of the Td isomers with 
respect to the D4h isomers were presented. Among the molecular species that studied 
B4Cl4 were well characterized. The B-B and B-Cl bond lengths in the Td isomer are 1.686 
Å and 1.742 Å, respectively. The B-B bond length is comparable to the bond length of 
1.70 Å determined from x-ray crystal structure data6 and previous theoretical studies.15   
The B-Cl bond length is longer than the experimental bond length of 1.69 Å6 but 
consistent with a theoretical study.15 Another experimental known data of the Td isomer 
of B4Cl4 is the vibrational spectra where a strong absorption peak is observed at  
1010 cm-1 in the vapor34 and a band is observed at 968 cm-1 in the solid.13  The calculated 
harmonic infrared spectrum is shown in Figure 11. The calculated spectra is comparable 
to a previous study14 and the experimental infrared spectrum of the vapor phase.13,34  This 
strong peak corresponds to the B-Cl stretch vibration which is very strong when 
compared to other vibrations, and thus this band is the only peak that is clearly visible in 













Additionally, ionization potential of the B4Cl4 molecule at the HF and DFT levels 
were calculated, as shown in Table 20.  This was inspired by the fact that there is an 
experimental study on the He (I) photoelectron spectrum of B4Cl4that observed the 
ionization energy to be at 10.55 electron volt (eV).35 There are other methods to calculate 
the IE very accurately albeit they are very complex and time consuming. Here, 
calculation of the IE based on the Koopmans’ theorem which states that in closed-shell 
Hartree–Fock (HF) theory, the first ionization energy of a molecular system is equal to 
the negative of the orbital energy of the highest occupied molecular orbital (HOMO).  
Therefore, the calculation of the IE in using the HF method is straightforward and well-
established. On the other hand, that’s not so true in the case of  DFT.  Also, the calculated 
IE using the DFT methods generally underestimate the IE values.36,37  The calculated IE 
energy of the B4Cl4 molecules using the HF method is much closer to the experimentally 
determined IE of 10.55 eV, and the value obtained by using the DFT functional B3LYB 
is smaller than the experimental value, as expected 37 shown in Table 20. 
 
Table 20. Koopmans Ionization Potential of B4Cl4 Molecule 
IE (eV) Method 
11.27 Hartree-Fock 










Calculations performed systematic on the tetrahedral Td and planar square D4h  
structures of the B4H4 molecule, its halogen derivatives B4X4 (X=F, Cl, Br, I), and 
B4BrnClm (n+m=4 and n≠0,m≠0) molecules with the objective of determining the relative 
stabilities of the two very symmetric isomers. The calculations carried out employing the 
simple and basic HF theory, its improvement, the MP2 method, and the new DFT method 
with the B3LYP functional, using Pople’s Gaussian type basis sets 6-31G, 6-311G*, and 
6-311+G*.  Employment of these three different methods coupled with various basis sets 
enabled us to remove bias of any method and basis sets, and come to unambiguous 
conclusions.   
First, analyses of the basis set is dependence of the energies of the Td and D4h 
isomers and their differences to make sure that basis sets are converged. For that purpose, 
the energies and relative stabilities of the isomers of the B4H4 molecule, the B4Br4, and 
the B4BrnClm (n+m=4 and n≠0,m≠0) molecule series were compared. The electronic 
energies and their differences between the two isomers of the same molecular species 
only show small change when the basis set is increased from 6-311G* to 6-311+G**, 
confirming basis set convergence and that the 6-311+G** basis set is large enough.  





the results of the HF calculation on the B4Cl4  square planar structure D4h shows no sign 
of basis set convergence, where the electronic energy decrease ~62 kcal/mol when the 
basis set increased from 6-311G* to 6-311+G**.  The Td isomer at the same level does 
converge. At HF/6-311+G** level, the Td isomer of B4Cl4 is only 28 kcal/mol more 
stable than the planar D4h structure. This is the smallest among all molecules at all levels, 
and it is clearly that the main reason is that correlation energy at HF level ignored for the 
D4h isomer. Further studies employing larger basis sets at the HF level may eliminate this 
anomaly.     
The largest basis set were used 6-311+G** which is large enough to get the 
conclusion. The Td configurations of all the molecules considered here are more stable, at 
least by 28 kcal/mol, than D4h isomers of the same molecule, at all levels of theory and 
basis sets. The calculated B-B bond lengths of the Td isomers are 1.686 Å, which are 
comparable to previous studies, and are comparable to the experimentally determined 
bond length of 1.70 Å in the B4Cl4 molecule. The B-X bond lengths are, again, similar to 
previous studies but are systematically ~0.02 Å longer than the B-Cl length of 1.70 Å 
determined experimentally. Also, normal mode calculations on these molecules were 
performed, and there are no imaginary frequencies, confirming the geometry is a true 
minimum, not a transition state. The calculated infrared spectrum of the B4Cl4 molecule 
of the Td structure shows a strong peak close to ~1000 cm
-1, similar to previous 
theoretical calculations, and are also comparable to the experimental spectrum that shows 
a broad band centered at 1010 cm-1.  Also, implemented simple ionization potential 





closer to the experimental one than compared to the value obtained by the DFT functional 
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